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1. Fabrication of nanoporous metals 
 
   Nanoporous metals are a class of high-surface-area materials that have attracted considerable 
interest in a wide variety of applications including catalysis, full cells, sensors, actuators and so on.1-5 
Fabrication of the nanoporous metals commonly contains the template methods and dealloying 
methods.6 
   Template methods are usually used to fabricate nanoporous metals through the replication or 
modification of sacrificial porous molds, which are mostly inorganic or polymeric, and can be readily 
synthesized in a well-defined manner.7 Although these methods have the advantage of precise control 
over the size and microstructure of final porous metal structure, they are generally difficult and time 
consuming to implement, and usually results in materials with one-dimensional porosity.8 
   Recently, dealloying methods are proved to be very effective to generate nanoporous metals, which 
refers to the selective dissolution of one or more components out of alloy in appropriate corrosion 
conditions.9 These methods mainly include the chemical dealloying and electrochemical dealloying. 
1.1  Chemical dealloying method 
Chemical dealloying is a free corrosion way, which is very easy to implement. And this method has 
a long history. In the ancient America and Europe, the dealloying process known as depletion gilding 
had been used to colorate artifacts.10 After sustained development, in this century, the chemical 
dealloying method has been developed to a primary method to fabricate the nanoporous metals. Until 
now, various nanoporous metals, such as nanoporous Au, Pd, Ag, Cu, have been fabricated with this 
method. 
   Among them, nanoporous Au dealloyed from Au-Ag alloy is the prototypical research object. This 
nanoporous gold was made by selective dissolution of silver from Au-Ag alloy immersed in 
concentrated nitric acid under free corrosion.11 Nanoporous gold possesses the open bicontinuous 
nanoporous microstructure and intricate 3-dimensional morphologies. As shown by SEM and TEM 
images (Figure 1a and 1b), nanoporous gold appears to be completely irregular in morphology for both 
empty pore channels and solid metallic ligaments comprising the nanostructure. Besides, the ligament 
size is around 30 nm, and ligament contains convex and concave columnar curvatures. 
                                     
              
                        











 Fig 1. (a) SEM image of nanoporous gold     Fig 1. (b) TEM image of nanoporous gold 
 
To further understanding the nanoporous structure and evolution of nanoporosity in dealloying, 
Prof. J. Erlebacher et al gave the perfect explanation and simulation.12 Figure 2 shows the simulated 
nanoporous gold with ligament widths of 2-5 nm. The simulations were successful in modelling the 
nanoporous morphology, and also in modelling the dynamic behavior of dissolution current verus 
overpotential.  
     
        Figure 2. Simulated nanoporous gold 
Different from the generation of nanoporous gold from the Au-Ag alloy, Au-Al alloy and Au-Cu 
alloy were also as start materials to fabricate the nanopoorous structure. However, compared with 
fabrication from Au-Ag alloy, dealloying from Au-Al alloy was more complicated. Because the alloy of 
Au and Ag was called as solid solution with just the fcc crystal phase, regardless of the composition of 
the alloy.13 But to the Au-Al alloy, for example the Al2Au and AlAu alloy, shows the different corrosion 
rate with the Au-rich phase dealloying fast.14 
   Other nanoporous metals fabricated from Al-based alloy under free corrosion conditions have also 
been reported, for example the nanoporous Pd, Pt, Ag and Cu. Taking the nanoporous Pd as the 
example, the dealloying method was very easy. Prof. Zhang, Z. Z. et al reported that PdAl alloy was 
immersed in the NaOH solution or the HCl solution in desired temperature at some time can result in 
the formation of nanoporous structure. Figure 3 showed the typical SEM images and TEM images of 
























Fig 3. (a) Typical section-view SEM image of nanoporous Pd by dealloying of Pd20Al80 in  
    The 5 wt % HCl solution. Scale bar, 100 nm. (b) TEM image showing the nanoporous  
    Structure of nanoporous Pd. (inset) Corresponding selected-area electron diffraction  
    pattern. Scale bar, 50 nm. (c) HRTEM image of nanoporous Pd. (inset) Corresponding fast  
    Fourier transform pattern. Scale bar, 5 nm. 
1.2  Electrochemical dealloying method 
Electrochemical dealloying is a corrosion process in which one elements of the binary alloy is 
selectively removed resulting in a nanoporous structure.16 This dealloying method has been observed in 
numerous systems including the Au-Ag, Pt-Cu, Pd-Co, PdNiP metallic glass and so on.17 
   In order to achieve dealloying successfully, two key parameters must be considered: the parting 
limit and critical potential. Parting limit defines the concentration of noble metal in an alloy above 
which dealloying does not occur. For instance, the fraction of Ag in the starting alloy has to be more 
than 55%, which is a consequence of the parting limit. Another important parameter is the critical 
potential which is a consequence of over-potential in electrochemistry. This potential is also controlled 
to dissolve only the reactive element and not the noble one. Critical potential depends on the 
composition of mother alloy, the electrolyte, and futher additives, such as halides.18-20 
   Formation of nanoporous platinum by selective dissolution of copper from Cu0.75Pt0.25 was a 
convinced example to illustrate electrochemical dealloying.21 Considering the above parameters, the 




solution for all compositions, and the dissolution of Cu is easily driven in acid electrolyte at potential 
where Pt is very stable.  
   The electrochemical dealloying of Cu0.75Pt0.25 was performed in 1M H2SO4, in which the critical 
potential was observed approximately 0.6 V saturated calomel electrode (SCE). The authors reported 
that if they hold the potential of the alloy below this value, the current will rapidly decay as the surface 
enrichs in Pt; within several minutes the current density approaches μA cm -2 values. Above this 
potential, the dealloying current increases with time during a hold and maintains dealloying currents in 
the mA cm -2 range. And the sample held above the critical potential result in the formation of porosity.  
    Figure 4 showed the porous structure by selectively dissolution of Cu at 1.2 V SCE in 1 M H2SO4 
for 2.4 h. From the image, the estimated pore diameter was around 3.5-4.0 nm. And the coarsened 
image at 500 oC for 60 min further confirmed the bicontinuous nature of porosity. It is necessary to 







        Fig 4. Structure of PtNPore; (a) as dealloyed and (b) coarsensed at 500 oC for 60 min 
   PdNPore can also be readily fabricated by electrochemical dealloying of Pd-Co alloy in H2SO4 
under a suitable condition.22 Prof. Mabuchi. M et al investigated the effect of different binary alloy, 
Pd0.2Fe0.8, Pd0.2Co0.8 and Pd0.2Ni0.8 on the formation of nanoporous structure.23 The authors using 
surface analyses with different surface sensitivities revealed that Fe and Ni at the surface layer dissolve 
in H2SO4 after the electrolysis of Pd0.2Fe0.8 and Pd0.2Ni0.8 respectively, but this dissolution is confined to 
the surface layer. On the other hand, aggregation of Pd adatoms at the solid/electrolyte interface 
allowed exposure of internal Co atoms to the electrolyte. And as a result, nanoporosity formed only 










 Fig 5. Schematic illustration of supposed phenomenon during electrolysis 
2. Application of nanoporous metals in heterogeneous catalysis 
Nanoporous metals were recognized as potentially attractive candidates for new heterogenous 
catalysts. Because nanoporous metals posses the following advantages: (a) Three-dimensional 
bicontinuous open pore network structures and metal ligaments; (b) High surface-to-volume ratio in 
comparison with bulk metals; (c) High reusability and rather simple work-up; (d) Free of supporting 
effect will be in favor of understanding mechanism and application. 
2.1  Nanoporous copper as heterogeneous catalyst 
Nanoporous copper fabricated from Cu-Mn alloy exhibited excellent catalytic properties in Click 
reaction which was first reported by Prof. Jin, et al.24 In the system, nanoporous copper has an 
outstanding catalytic acitivty for Click chemistry without using any supports and bases. Besides, the 
catalytic activity was highly in dependence on the ligament sizes of the CuNPore materials; Ligament 
size about 40 nm significantly enhanced the catalytic efficiency. 
And the CuNPore catalyst exhibited a high reusability; it can be recycled for ten times without 
significant loss of activity. A wide range of alkynes and azides can be tolerated, giving the 
corresponding triazoles in excellent yields. (eq 1) 




2.2  Nanoporous gold as heterogeneous catalyst 
Nanoporous gold has exhibited excellent catalytic property in oxidation reactions. Firstly, Prof. 
Bäumer et al reported that unsupported nanoporous gold displayed exceptional catalytic performance 
for monocarbon oxide oxidation (eq 2-3) then shortly after by Prof. Ding et al. 25-26 Particularly, it was 
observed that the catalytic activity for nanoporous gold with ligament sizes larger than 20 nm which is 
totally different from the observation for gold nanoparticle-based catalyst. Then Prof. Bäumer et al  
reported that nanoporous gold showed excellent catalytic property in methanol oxidation.27 In addition, 
our group also reported that nanoporous gold exhibited excellent catalytic performances in oxidation of 








    Recently, Prof. Jin et al also reported that nanoporous gold exhibited excellent catalytic property 
in reduction reactions.31-32 For example unsupported nanoporous gold showed highly catalytic selective 
in semihydrogenation of alkynes with water and organosilanes as a hydrogen source (eq 7). Under the 
optimized reaction conditions, the present semihydrogenation of various terminal- and internal- alkynes 
afforded the corresponding alkenes in high chemical yields and excellent Z-selectivity without any 
over-reduced alkanes. In addition, unsupported nanoporous gold exhibited excellent catalytic 
performance in hydrogenation of quinolines (eq 8), in which, nanoporous gold showed high selectivity, 









2.3 Nanoporous palladium as heterogeneous catalyst 
Nanoporous palladium fabricated from the glassy metallic alloy Pd30Ni50P20 exhibited excellent 
catalytic performance in Suzuki-coupling reaction and Heck reaction (eq 9-10).33-34 The catalyst 
showed high high catalytic activity, and can be rused many times without decresing the catalytic 






    In spite of the numerous studies on applications of nanoporous metals in heterogeneous catalysis, 
the catalytic applications of AuNPore are mainly limited to selective oxidation and reduction reaction. 
Exploring the catalytic properties of AuNPore in more complex reactions is highly desirable. 
 Although monometallic catalyst exhibited good catalytic properties, nanoporous alloy catalyst has 













3. Brief introduction of the dissertation 
In theis context, I found that nanoporous gold showed an excellent catalytic propertie for the 
cleavage of B-B bond in the diborations of alkynes and methylenecyclopropanes. I also found that 
nanoporous AuPd alloy catalyst exhibited a synergistic alloy effect on the chemoselective 
1,4-hydrosilylation of the conjugated cyclic enones with organosilanes. 
(1) Remarkable Catalytic Property of Nanoporous Gold on Activation of Diborons for Direct 
Diboration of Alkynes 
 A novel catalytic property of nanoporous gold (AuNPore) for activation of bis(pinacolato)diboron 
has been reported, which allows the direct diboration of alkynes to proceed sufficiently in a 
heterogeneous process. The experimental results revealed that the nanoporous gold catalyst is able to 
cleave the B-B bond of bis(pinacolato)diboron without using any additives. The diboration of various 
terminal and internal alkynes with B2pin2 afforded the corresponding 1,2-diboryl alkenes in good to 







TEM image of nanoporous gold  TEM image of nanoporous gold HRTEM image of nanoporous gold 
 
 
(2) Nanoporous Gold Catalyst for Diboration of Methylenecyclopropanes through Selective 
Distal C-C Bond Cleavage 
A novel and selective nanoporous gold-catalyzed diboration of methylenecyclopropanes (MCPs) 
has been reported. The AuNPore exhibited an unprecedented regiospecific catalytic property for the 
diboration of MCPs through the cleavage of the distal C-C bond and the B-B bond. In the presence of 
AuNPore catalyst, the diboration of various MCPs with diboron produced the corresponding diboration 
products in good to high yields and high chemoselectivity. The leaching experiment and ICP-MS 
analysis indicated that the present reaction proceeded in a heterogeneous process. The AuNPore 







(3) Synergistic Effect of Nanoporous AuPd Alloy Catalyst on Highly Chemoselective 
1,4-Hydrosilylation of Conjugated Cyclic Enones 
 The nanoporous AuPd (AuPdNPore) alloy catalyst fabricated from Au-Pd-Al alloy showed a 
superior chemoselectivity and high catalytic activity for the direct 1,4-hydrosilylation of the 
conjugated cyclic enones with hydrosilane in comparison with the monometallic nanoporous Au 
and Pd catalysts. Various conjugated cyclic enones can be catalyzed to the corresponding products 
in high chemical yield. The present hydrosilylation was catalysed by the solid state of AuPdNPore 
catalyst and the catalyst can be reused several times without significant loss of catalytic activity. 
The XPS and EDX-mapping characterizations of AuPdNPore alloy catalyst showed that the 
enhanced catalytic properties of AuPdNPore were mainly ascribed to the nanoporous structure and 
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Remarkable Catalytic Property of Nanoporous Gold on Activation of Diborons for Direct 
Diboration of Alkynes 
 
1. Introduction 
In the past decade, the efforts on developing new catalytic properties of the nanoporous gold 
(AuNPore) demonstrated that the AuNPore is one of the promising, green, and robust heterogeneous 
catalyst candidates for the diverse molecular transformations.1-4 The AuNPore catalyst dealloyed from 
the Au-Ag alloy5 has randomly oriented ligaments with a hyperboloid-like shape and nanopore 
channels, which possesses a high density of surface steps and kinks that are active for chemical 
reactions.6 The AuNPore has high surface area, high stability for versatile chemicals, high reusability, 
no toxic nature, and it is recovered readily from the reaction mixture. Moreover, unlike the gold 
nanoparticle catalysts,7 the AuNPore possesses high thermal stability against coarsening, and it exhibits 
catalytic activity without oxide supports which is helpful for understanding the insight of the reaction 
mechanism and catalytic origins.6 The AuNPore catalyst has been successfully applied to the various 
oxidation reactions, for example, gas-phase oxidation of CO or MeOH, and liquid-phase oxidation 
ofalcohol or organosilane, have been reported to show remarkable selctivities and efficiencies.1-3 Most 
recently, we demonstrated that the AuNPore can be used as a robust catalyst for the selective 
hydrogenation of alkynes or quinolines using organosilane as a reducing reagent.4 However, so far, the 
catalytic applications of the AuNPore are mainly limited to the selective oxidation and reduction 
reactions. Herein, we report a novel catalytic property of the AuNPore on activation of a B-B bond of 
bis(pinacolato)diboron (B2pin2) in direct diboration of alkynes without using any additives, affording 
the corresponding 1,2-diboryl alkenes in good to high yields with high cis-selectivities (eq 1). To the 
best of our knowledge, this is the first demonstration that gold can cleave a B-B bond directly without 
using any additives. 
 
     
Catalytic direct diboration of alkynes with diborons is a powerful synthetic method for construction 




by functionalization of both C-B bonds.8 Since the first discovery of the Pt-catalyzed diboration of 
alkynes by Suzuki, Miyaura and co-workers in 1993,9a various homogeneous transition metal-catalyzed 
diborations have been reported.8,9 However, taking into consideration of the chemical and 
pharmaceutical process, the major drawbacks of homogeneous catalysis, such as metal contamination 
into products and inability to recover the catalyst for reuse, limit its application in industrial interest, 
biomolecules, and materials science. To date, only two examples of heterogeneous diboration of 
alkynes have been reported.10 For example, Braunschweig et al reported the Pt sponge- or 
Pd/C-catalyzed diboration of propyne and 2-butyne using metal-based [2]borametalloarenophanes as a 
special diboron source.10a Corma et al reported the diboration of alkynes using the platinum 
nanoparticles (PtNPs) supported on magnesia as catalyst at high temperature (160 oC), in which the 
reaction was proposed to proceed through a homogeneous process.10b 
2. Results and discussion 
The AuNPore catalyst was prepared by dealloying of a monolithic Au30Ag70 alloy in 70% nitric 
acid as an electrolyte at rt for 18 h.4a The dealloyed thin film AuNPore possesses bicontinuous porous 
structure with the average diameter of ~30 nm for both ligaments and nanopores, whose scanning 
electronic microscopy (SEM) and transmission electron microscopy (TEM) images have been 
illustrated in the previous reports (Figure S1).4a The cylindrical shape of ligament from high resolution 
TEM image reveals a very high density of atomic steps and kinks at curved surface, 



















Table 1. Screening of nanoporous metal catalysts for diboration of phenylacetylene (1a)a 
 






















a Reaction conditions: 1a (1 mmol), 2a (1.5 mmol), toluene (2 mL), and catalyst (2 mol %) at 100 oC 
for 1.5 h. b1H NMR yield determined using CH2Br2 as an internal standard. c PtNPore (10 mol %) was 
used for 40 h. d The ratio of 3a and 3a’. e Isolated yield. f The yields of the second and third uses of the 
catalyst. AuNPore (5 mol %) was used. 
 
 Initially, the distinct catalytic property of both homogeneous Pt(0) catalysts and PtNPs on 
diborylation of alkynes led us to investigate the catalytic activity of the nanoporous platinum (PtNPore) 
in the reaction of phenylacetylene (1a) (1 mmol) with B2pin2 (2a) (1.5 mmol) in toluene at 100 oC 
(Table 1). The PtNPore catalyst prepared from Pt-Cu alloy,11 afforded the corresponding 1,2-diboryl 
alkene (3a) as a sole cis-adduct in 99% yield within 40 h (entry 1). However, the leaching experiments 
and inductively coupled plasma (ICP-MS) showed that Pt atoms in PtNPore catalyst were leached to 
the reaction solution. For example, after heating the reaction of 1a and 2a for 11 h in the presence of 
PtNPore catalyst in toluene, a part of the supernatant was transferred to the other reaction vessel and 
the yield of 3a was 54% at this time. After continuously heating for 35 h, the yield of 3a from the 
supernatant in the absence of catalyst was increased to 99%, while the residue containing PtNPore 
catalyst also produced 3a in 99% yield (Scheme S1). The ICP-MS analysis of the reaction in entry 1 
showed that 280 ppm of Pt was leached after reaction. These results clearly indicated the reaction 
proceeds through a homogeneous process catalyzed by the leached Pt species in solution. To our 
delight, the AuNPore catalyst exhibited a remarkably increased activity for the present diboration; the 




a small amount of trans-adduct 3a’ (entry 2). The leaching experiments and ICP-MS analysis indicated 
that no gold catalyst was leached at all to the solution during the reaction and no other metals such as Pt 
and Pd atoms were detected at ppb levels by ICP-MS, suggesting that the reaction was catalyzed by the 
AuNPore catalyst and not by the adventitious Pt or Pd catalyst which sometimes comes from the used 
glassware or chemicals (Scheme S2). Moreover, the reactions with the homogeneous catalyst such as 
AuCl and the AuNPore precursor, Au-Ag alloy, are totally inactive (entries 3 and 4). Other nanoporous 
metal catalysts such as nanoporous palladium (PdNPore) prepared from Pd-Al alloy,12 nanoporous 
copper (CuNPore) prepared from Cu-Mn alloy,13 nanoporous silver (AgNPore) prepared from Ag-Al 
alloy4b,14 were totally inactive for the present diboration (entries 5-7). Surprisingly, among various 
solvents tested, only toluene afforded the corresponding 1,2-diboryl alkene in high yield, and other 
solvents such as DMF (trace), CH3CN (trace), THF (trace), 1,4-dioxane (6%), and octane (0%) were 
almost ineffective. The AuNPore catalyst was easily removed by taking out the skeleton catalyst from 
the reaction mixture. The recovered AuNPore catalyst exhibited high recyclability without decreasing 
the catalytic activity after reusing for two more cycles (entry 2). The nanoporous structure of AuNPore 
did not show the obvious changes after the third run compared to that of the fresh AuNPore from the 
SEM images (Figure S1). Other diborons instead of B2pin2 in the presence of AuNPore in toluene were 
examined as shown in Scheme S3. For example, bis(hexylene glycolato)diboron (B2hex2) (2b) which 
has a good solubility in toluene was still active, giving the corresponding product 3bb (Scheme S4) in 
32% yield with a 93:7 mixture of cis- and trans-adducts, whereas with the use of bis(neopentyl 
glycolato)diboron (B2neop2) (2c) and bis(catecholato)diboron (B2cat2) (2d) did not produce the 














 Table 2. AuNPore-Catalyzed diboration of various alkynesa 
 
 



























































































a Reaction conditions: 1b-h, 1j, 1o, 1p (1 mmol), 2a (1.5 mmol), toluene (2 mL), and AuNPore (2 
mol %); 1i, 1k-n (5 mmol), 2a (1 mmol), toluene (1 mL), AuNPore (2 mol %). b Isolated yield. c Ratio 





   The catalytic activity of the AuNPore was further examined with various terminal and internal 
alkynes using B2pin2 as a diboron source in toluene as shown in Table 2. Both aryl and aliphatic 
terminal alkynes were well tolerated, while in each case a small amount of trans-adducts was observed. 
The diboration of aryl terminal alkynes bearing an electron-donating group such as methyl or methoxy 
group on the benzene ring proceeded smoothly to afford the corresponding 1,2-diboryl alkenes 3 and 3’ 
in high yields (entries 1-4). The sterically hindered ortho-substituted aryl alkynes 1c and 1e showed 
higher cis-selectivities compared to the sterically less-hindered para-substituted aryl alkynes 1b and 1d 
(entries 1 and 3 vs 2 and 4). The terminal aryl alkyne with an electron-withdrawing group at the 
para-position of the benzene ring (1f) also underwent diboration efficiently with higher cis-selectivity 
than that of the electron rich alkynes 1b and 1d (entry 5). The terminal aliphatic alkynes (1g-i) were 
also active, producing the corresponding diboration products in good to high yields with high 
cis-selectivities (entries 6-8). In contrast to the terminal alkynes, the diborations with internal alkynes 
exhibited an exclusive cis-selectivity under the standard conditions. 1,2-Diphenylethyne (1j) is a 
suitable substrate for the present diboration, producing the corresponding product 3j in 99% yield 
without its trans-adduct (entry 9). The reactions with the alkyl-substituted internal alkynes such as 
prop-1-yn-1-ylbenzene (1k), dec-2-yne (1l), oct-4-yne (1m), and 1,4-dimethoxybut-2-yne (1n) also 
gave satisfactory chemical yields of the corresponding 1,2-diboryalkenes (3k-n) with a sole 
cis-selectivity, while a higher temperature and a prolonged reaction time were required (entries 10-13). 
In the cases of the conjugated enyne 1o and the α,β-unsaturated alkynyl ester 1p, the reactions gave the 
desired products 3o and 3p in high yields without reacting with olefin moiety or ester group, but some 
amounts of the trans-adducts 3o’ and 3p’ were obtained which were formed through the thermal 
isomerization (entries 14 and 15). 
   To gain further insight into reaction details, we carried out a cross-addition experiment. The 
reaction of phenylacetylene (1a) (1 mmol), B2pin2 (2a) (1.5 mmol), and B2hex2 (2b) (1.5 mmol) in the 
presence of AuNPore (2 mol%) in toluene at 100 oC for 14 h gave a mixture of diboration products in 
74% yield; a ratio of 3a:3bb:(3ab+3ba) was 2:1:2 (Scheme S4), which was determined by mass 
spectrometry (GC-MS) and 1H NMR analysis (Figure S3). The formation of the cross-addition products 
3ab and 3ba suggested that the reaction did not involve the oxidative addition of diborons to Au(0).15 
Further, from the fact that no leaching of gold atoms took place, we thought that the B-B bond of 
diborons would be cleaved by the solid state of the unsupported AuNPore followed by addition of 
boron to alkynes to form the 1,2-diboryl alkenes. In addition, adding the radical inhibitor 
2,6-di-tert-butyl-4-methylphenol (BHT) to the AuNPore-catalyzed diboration of 1a and 2a did not 
decrease the rate and yield of 3a; the yield of 3a was still 96% after 1.5 h (Scheme S5). This result 





   Scheme 1. Plausible Reaction pathway of the AuNPore-Catalyzed Diboration of Alkynes 
 
Although the detailed driving force for the cleavage of a B-B bond on the AuNPore surface remains 
uncertain, on the basis of the experimental observations, a conceivable reaction pathway is shown in 
Scheme 1. Initially, B2pin2 gets absorbed onto the low coordinated Au atoms on the stepped surface of 
AuNPore. The B-B bond is cleaved on the surface of AuNPore to give [Au-Bpin] species under the 
reaction conditions. Next, the adsorbed alkyne reacts rapidly with two [Au-Bpin] species either through 
the simultaneous addition path to form the corresponding cis-adduct 3 (path a) or through the stepwise 
addition (path b), in which the formation of a vinyl cation intermediate is involved. There might exist 
an interaction between the vinyl cation and the electron rich Au atoms. In the case of terminal alkyne 
(R2 = H), the trans-adducts 3’ would be produced through the interaction mode B due to the less 
sterically hindrance between the AuNPore surface and the hydrogen substituent compared to that in the 
mode A, especially for the more stable vinyl cation (path c). This might be the reason why the terminal 
alkynes 1b and 1d having an electron-donating group such as methyl or methoxy group at 4-position of 
benzene ring produced the increased amounts of trans-adducts 3b’ and 3d’ (Table 2, entries 1 and 3). It 
is noted that the trans-diboration of alkynes has been rarely observed previously.17 
 
 




The present heterogeneous catalytic process is favorable for the subsequent one-pot 
functionalization of the 1,2-diboryl alkene intermediates by simple recovery of AuNPore catalyst 
(Scheme 2). For example, after converting 1,2-diphenylethyne 1j and B2pin2 2a into the 
1,2-diborylalkene 3j in the presence of AuNPore catalyst, the reaction mixture was transferred by 
syringe to the other reaction vessel which was equipped with a mixture of 2,2’-dibromobiphenyl, 
Pd-catalyst, and base in THF and water solution. The remaining AuNPore catalyst was recovered by a 
simple washing with acetone for the next use. The Pd-catalyzed double cross-coupling annulation of 
the reaction mixture gave 9,10-diphenylphenanthrene in 80% yield.18 Under the similar procedure, 
1,1,2,2-tetraphenylethene was obtained in 63% yield through the AuNPore-catalyzed diboration and the 






















3. Conclusion  
In summary, we have demonstrated for the first time an unprecedented catalytic property of the 
AuNPore on activation of diborons that promotes the direct diboration of alkynes efficiently. The 
diboration of various terminal and internal alkynes with B2pin2 afforded the corresponding 1,2-diboryl 
alkenes in good to high yields with high cis-selectivities. Our experimental results indicated that the 
cleavage of the B-B bond of diborons occurs on the solid state of the AuNPore catalyst without any 
additives, which leads to the subsequent diboration with alkynes in a heterogeneous process. Further 
studies are currently underway to understand the origin of this unusual catalytic property of the 
AuNPore on activation of the B-B bond, and development of new boration reactions catalyzed by the 
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5. Experimental Section 
 
General Information. GC-MS analysis was performed on an Agilent 6890N GC interfaced to an 
Agilent 5973 mass-selective detector (30 m 0.25 mm capillary column, HP-5MS).  Scanning electron 
microscope (SEM) observation was carried out using a JEOL JSM-6500F instrument operated at an 
accelerating voltage of 30 kV. TEM characterization was performed using a JEM-2100F TEM (JEOL, 
200 kV) equipped with double spherical aberration (Cs) correctors for both the probe-forming and 
image-forming lenses. 1H NMR and 13C NMR spectra were recorded on JEOL JNM AL 400 (400, 700 
MHz) spectrometers. 11B NMR spectra were recorded on JEOL JNM AL 700 (225 MHz) spectrometers. 
1H NMR spectra are reported as follows: chemical shift in ppm (δ) relative to the chemical shift of 
CDCl3 at 7.26 ppm, integration, multiplicities (s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet and br = broadened), and coupling constants (Hz). 13C NMR spectra were recorded on JEOL 
JNM AL 400 (100.5 MHz) spectrometers with complete proton decoupling, and chemical shift reported 
in ppm (δ) relative to the central line of triplet for CDCl3 at 77 ppm. High-resolution mass spectra were 
obtained on a BRUKER APEXIII spectrometer and JEOL JMS-700 MStation operator. Column 
chromatography was carried out employing Merck silica (spherical, neutral, MercK Chemical Co.) and 
the florisil (particle size 150 -250 μm, Kanto Chemical Co.). Analytical thin-layer chromatography 
(TLC) was performed on 0.2 mm precoated plate Kieselgel 60 F254 (Merck). 
 
Materials. The bis(pinacolato)diboron and alkynes are commercially available (Aldrich), which were 
used as received. Au (99.99%) and Ag(99.99%) are purchased from Tanaka KikinzokuHanbai K.K. 
and Mitsuwa’s Pure Chemical, respectively. Alkyne 1o was prepared following the reported 
literature.1Structure of 3a2, 3b3, 3d4, 3f3, 3i5, 3j2, 3k6, 3m2 and 3n6 were the reported compounds. 
Products 3c, 3e, 3g, 3h, 3l,3o, 3p, and 3bb were determined by 1H NMR, 13C NMR, 11B NMR and 
HRMS. Tran-adduct 3d’ and 3p’ were determined by using NOE. 
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Figure S1. (a) SEM image of the fresh AuNPore (before reaction). (b) SEM image of AuNPore after 



















Representative procedure for the AuNPore-catalyzed diboration of 1a (Table1, entry 2) 
 
To a toluene solution (0.5 M, 2 ml) of AuNPore (2 mol%, 4.0 mg) were added 2a (382 mg, 1.5 mmol) 
and 1a (110 μL, 1 mmol) subsequently at room temperature. The reaction mixture was stirred at 100 oC 
for 1.5 h and was monitored by GC-MS analysis. The AuNPore catalyst was recovered by filtration. 
The recovered AuNPore catalyst was washed with acetone and water then acetone, and dried under 
vacuum. After concentration of the filtrate, the remaining B2pin2 2a was removed by Kugelrohr 
distillation, and the residue was further purified through a pad of florisil to afford 3a and 3a' (332 mg, 
93%, 97:3) as a light yellow liquid. 
 
Leaching experiment of PtNPore catalyst 
 
 
Scheme S1.Leaching experiments for the reaction using PtNPore as catalyst. 
The toluene solution of phenyl acetylene (1a) and B2pin2 (2a) in the presence of PtNPore catalyst (10 
mol%) was stirred at 100 oC for 11 h. At this time the yield of 3a was 54% which determined by 1H 
NMR using anisole as an internal standard. A part of the supernatant was transferred to the other 
reaction vessel. The supernatant without PtNPore catalyst was continuously stirred at 100 oC for 35 h, 
affording the corresponding product 3a in 99%1H NMR yield, and the residual containing the PtNPore 
catalyst gave 3a in 99%1H NMR yield after stirring at 100 oC for 35 h. 
The ICP-MS analysis of the reaction in entry 1 of Table 1 showed that 280 ppm of Pt was leached to 
the toluene solution after reaction. These results clearly indicated that the PtNPore catalyst was leached 




promoting the present boration. 
 
Leaching experiment of AuNPore catalyst 
 
 
Scheme S2. Leaching experiment of the reaction using AuNPore as catalyst. 
The toluene solution of phenyl acetylene (1a) and B2pin2 (2a) in the presence of AuNPore catalyst 
(2mol%) was stirred at 100 oC for 20 min. At this time the yield of 3a was 46% which determined by 
1H NMR using anisole as an internal standard. A part of the supernatant was transferred to the other 
reaction vessel. The supernatant without AuNPore catalyst was continuously heated at 100 oC for 8 h, 
affording 3a in 46% 1H NMR yield. In contrast, the residual containing the AuNPore catalyst gave 3a 
in 92% 1H NMR yield after heating at 100 oC for 8 h. 
The ICP-MS analysis did not show any detectable leached Au atoms as well as Pt and Pd atoms at ppb 
levels. These results clearly indicated that the present boration was occurred on the solid state of 
AuNPore catalyst and was not catalysed by the adventitious Pt or Pd catalyst which sometimes exists in 
















Screening of other diborons 
 
Scheme S3. Examination of other diborons instead of using B2(pin)2. 
Cross-addition Experiment for Diboration of 1a with 2a and 2b 
 
Scheme S4.Cross-addition experiment for diboration of 1a with 2a and 2b.cis-Adducts are major 



























Radical inhibitor-mediated reaction: 
 
Scheme S5. Radical examination using BHT as radical inhibitor. 
To a toluene solution (0.5 M, 2 ml) of AuNPore (2 mol%, 4.0 mg) were added 2a (382 mg, 1.5 mmol), 
1a (110 μL, 1 mmol), and 2,6-di-tert-butyl-4-methyl phenol (BHT) (2 mmol) subsequently at room 
temperature. The reaction mixture was stirred at 100 oC for 1.5 h. The AuNPore catalyst was recovered 
by filtration. The recovered AuNPore catalyst was washed with acetone and water then acetone and 
dried under vacuum. After concentration of filtration, the residue showed that 3a was formed in 96% 
1H NMR yield by using CH2Br2 as an internal standard, indicating the radical inhibitor BHT did not 































E:Z = 97:3; light yellow liquid;1H NMR (400 MHz, CDCl3) δ7.46-7.36 (m, 2H), 7.32-7.16 (m, 3H), 
6.25 (s, 1H), 1.34 (s, 12H), 1.27 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 142.8, 128.1, 127.4, 126.4, 
84.0, 83.5, 25.0, 24.8; 11B NMR (225 MHz, CDCl3)δ 30.59; HRMS (ESI positive) calcd for 





E:Z = 92:8; light yellow liquid;1H NMR (400 MHz, CDCl3) δ 7.41-7.29 (m, 2H), 7.16-7.07 (m, 2H), 
6.26 (s, 1H), 2.33 (s, 3H), 1.39 (s, 12H), 1.31 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 140.0, 137.2, 
128.9, 126.3, 84.0, 83.4, 25.1, 24.8, 21.1; 11B NMR (225MHz, CDCl3)δ 30.33; HRMS (ESI positive) 


















E:Z = 100:0; white solid;1H NMR (400 MHz, CDCl3) δ 7.16-7.09 (m, 4H), 6.03 (s, 1H), 2.32 (s, 3H), 
1.33 (s, 12H), 1.30 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 144.5, 134.3, 129.7, 127.8, 126.5, 125.4, 
83.8, 83.5, 24.9, 24.8, 20.4; 11B NMR (225MHz, CDCl3)δ 30.05; HRMS (ESI positive) calcd for 




E:Z = 82:18; light yellow liquid;1H NMR (700 MHz, CDCl3) δ3d: 7.40-7.38 (m, 2H), 6.84-6.82 (m, 
2H), 6.21 (s, 1H), 3.78 (s, 3H), 1.38 (s, 12H), 1.29 (s, 12H);3d’: 7.29-7.27 (m, 2H), 6.82-6.80 (m, 2H), 
6.48 (s, 1H), 3.79 (s, 3H), 1.27 (s, 12H), 1.18 (s, 12H);13C NMR (176 MHz, CDCl3) δ3d: 159.4, 135.4, 
127.7, 113.7, 84.0, 83.4, 55.1, 25.1, 24.8;3d’: 158.8, 134.8, 129.6, 112.9, 83.8, 83.3, 55.1, 24.7, 
24.6;11B NMR (225MHz, CDCl3)δ29.87; HRMS (ESI positive) calcd for C21H32B2O5 [M + Na]+ : 














E:Z = 98:2; light yellow solid;1H NMR (400 MHz, CDCl3) δ 7.31-7.16 (m, 2H), 6.93-6.87 (m, 1H), 
6.81-6.76 (m, 1H), 6.20 (s, 1H), 3.77 (s, 3H), 1.34 (s, 12H), 1.29 (s, 12H); 13C NMR (100 MHz, CDCl3) 
δ 156.0, 133.9, 128.8, 128.7, 121.0, 110.0, 83.5, 83.3, 55.2, 25.1, 24.9; 11B NMR (225 MHz, CDCl3)δ 




E:Z = 98:2; colorless liquid;1H NMR (400 MHz, CDCl3) δ7.43-7.32 (m, 2H), 7.02-6.89 (m, 2H), 6.23 
(s, 1H), 1.36 (s, 12H), 1.30 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 162.3 (d, J1 = 245.0 Hz), 138.9 (d, 
J4 = 3.3 Hz),128.0 (d, J3 = 8.2 Hz),115.0 (d, J2 = 21.4 Hz), 84.1, 83.5, 25.0, 24.8; 11B NMR (225 MHz, 




















E:Z = 98:2; colorless liquid;1H NMR (400 MHz, CDCl3) δ 5.76 (s, 1H), 2.09 (d, J=7.2 Hz, 2H), 
1.70-1.57 (m, 5H), 1.41-1.32 (m, 1H), 1.28 (s, 12H), 1.23 (s, 12H), 1.17-1.07 (m, 3H), 0.88-0.76 (m, 
2H); 13C NMR (100 MHz, CDCl3) δ 83,4, 83.1, 48.3, 37.0, 33.3, 26.5, 26.3, 24.8(8), 24.8(7); 11B NMR 






E:Z = 96:4; white solid;1H NMR (400 MHz, CDCl3) δ6.11 (s, 1H), 4.62 (dd, J = 3.2, 3.2 Hz, 1H), 4.36 
(dd, J = 14.4, 2.0 Hz, 1H), 4.09 (dd, J = 14.4 Hz, 1.6 Hz, 1H), 3.86-3.79 (m, 1H), 3.48-3.44 (m, 1H), 
1.88-1.76 (m, 1H), 1.72-1.41 (m, 5H), 1.28 (s, 12H), 1.25 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 97.4, 
83.6, 83.3, 71.5, 61.4, 30.4, 25.5, 24.9, 24.8, 19.0; 11B NMR (225MHz, CDCl3)δ 30.17; HRMS (ESI 














E:Z = 96:4; light yellow liquid;1H NMR (400 MHz, CDCl3) δ5.82 (s, 1H), 2.19 (t, J = 7.2 Hz, 2H), 
1.46-1.36 (m, 2H), 1.30 (s, 12H), 1.25 (s, 12H), 1.3-1.2 (m, 10H), 0.86 (t, J = 7.6 Hz, 3H); 13C NMR 
(100 MHz, CDCl3) δ 83.5, 83.1, 39.9, 31.9, 29.4(7), 29.4(1), 29.2, 28.6, 24.9, 24.8, 22.7, 14.1;11B NMR 





White solid;1H NMR (400 MHz, CDCl3) δ 7.13-7.01 (m, 6H), 7.00-6.93 (m, 4H), 1.34 (s, 24H); 13C 
NMR (100 MHz, CDCl3) δ 141.0, 129.1, 127.2, 125.6, 83.9, 24.8; 11B NMR (225MHz, CDCl3)δ 30.54; 






















Pale liquid;1H NMR (400 MHz, CDCl3) δ 7.31-7.22 (m, 2H), 7.21-7.05 (m, 3H), 1.69 (s, 3H), 1.30 (s, 
12H), 1.23 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 141.3, 128.1, 127.6, 125.7, 83.6, 83.5, 24.8(9), 
24.8(0), 18.1; 11B NMR (225 MHz, CDCl3)δ30.39; HRMS (ESI positive) calcd for C21H32B2O4 [M + 




Colorless liquid;1H NMR (400 MHz, CDCl3) δ2.169 (t, J = 7.2 Hz, 2H), 1.73 (s, 3H), 1.44-1.17 (m, 
10H), 1.27 (s, 12H), 1.26 (s, 12H), 0.85 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 83.2, 83.1, 
31.8, 31.2, 29.9, 29.2, 28.8, 24.9, 24.8, 22.6, 15.9, 14.1; 11B NMR (225 MHz, CDCl3)δ 30.53, 22.27; 

















Light yellow liquid;1H NMR (400 MHz, CDCl3) δ 2.20-2.11 (m, 4H), 1.44-1.31 (m, 4H), 1.27 (s, 24H), 
0.89 (t, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 83.2, 33.0, 24.9, 23.0, 14.6; 11B NMR 





Light yellow liquid;1H NMR (400 MHz, CDCl3) δ 4.13 (s, 4H), 3.25 (s, 6H), 1.26 (s, 24H); 13C NMR 
(100 MHz, CDCl3) δ 83.6, 71.4, 57.9, 24.8; 11B NMR (225MHz, CDCl3)δ 30.13; HRMS (ESI positive) 



















Z:E = 93:7;white solid;1H NMR (700 MHz, CDCl3) δ 7.34-7.32 (m, 2H), 7.26-7.16 (m, 8H), 6.97 (d, J 
= 16.8 Hz, 1H), 6.89 (d, J = 16.8 Hz, 1H),1.46 (s, 12H), 1.28 (s, 12H); 13C NMR (176 MHz, CDCl3) δ 
141.4, 137.8, 133.3, 130.5, 129.4, 128.4, 127.5, 127.4, 126.6, 126.2, 84.0, 83.9, 25.3, 24.8; 11B NMR 
(225 MHz, CDCl3)δ 30.72; HRMS (ESI positive) calcd for C28H36B2O4 [M + Na]+: 481.2691, found 
481.2691 
 
(Z)-Methyl 2,3-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)non-2-enoate (3p) 
 
3p:3p’ = 75:25;light yellow liquid;1H NMR (700 MHz, CDCl3) δ3.73 (3p’: s, 3H), 3.70(3p: s,3H), 2.37 
(3p’: t, J = 7.7 Hz, 2H), 2.35 (3p: t, J = 8.4 Hz, 2H), 1.42-1.22 (3p: m, 32H), 0.86 (3p’: t, J = 7.0 Hz, 
3H), 0.85 (3p: t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ3p: 169.6, 84.0, 83.9, 51.1, 34.4, 31.6, 
29.5, 29.1, 24.8, 24.7, 22.5, 14.1; 3p’:171.7, 83.4, 83.2, 52.3, 35.1, 31.5, 29.4, 28.7, 24.9, 24.6, 22.5, 
14.1; 11B NMR (225 MHz, CDCl3)δ 29.84; HRMS (ESI positive) calcd for C22H40B2O6 [M + Na]+: 









E:Z = 93:7; light yellow liquid;1H NMR (400 MHz, CDCl3) δ7.46-7.44 (m, 2H), 7.27-7.20 (m, 3H), 
6.12 (s, 1H), 4.38-4.22 (s, 2H), 1.86-1.54 (m, 4H), 1.48-1.25 (m, 18H); 13C NMR (100 MHz, CDCl3) 
δ143.47, 143.42, 127.89, 126.82, 126.35, 71.39, 71.34, 70.86, 70.78, 64.93, 64.67, 64.61, 45.90, 45.84, 
45.75, 31.45, 31.35, 31.33, 28.34, 28.31, 28.27, 28.18, 23.42, 23.17, 23.13; 11B NMR (225 MHz, 




White solid;1H NMR (400 MHz, CDCl3) δ 8.84 (d, J = 8.4 Hz, 2H), 7.73-7.67 (m, 2H), 7.62-7.58 (m, 
2H), 7.55-7.50 (m, 2H), 7.31-7.16 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 139.4, 137.1, 131.7, 130.9, 
129.9, 127.7(5), 127.7(4), 126.5, 126.3(9), 126.3(0), 122.4; HRMS (ESI positive) calcd for C26H18: 





















White solid;1H NMR (400 MHz, CDCl3) δ 7.13-7.08 (m, 12H), 7.06-7.01 (m, 8H); 13C NMR (100 





































































































































Nanoporous Gold Catalyst for Diboration of Methylenecyclopropanes through Selective Distal 
C-C Bond Cleavage 
 
1. Introduction 
Methylenecyclopropanes (MCPs) are highly strained but readily accessible molecules that have 
served as useful building blocks in organic synthesis.1 One of the most common methods to synthesize 
MCPs is involved in the formation of 3 – bromo – triphenyl phosphonium bromide from the reaction of 
1,3-dibromopropane with triphenyl phosphine and a subsequent Witting reaction with ketones and 
aldehydes.2 
MCPs are very attractive and reactive substrates, which can undergo a variety of organic 
transformations, because the release of cyclopropyl ring strain can provide a thermodynamic driving 
force and theπ- character of the ring bonds of cyclopropane can afford the kinetic opportunity to initiate 
the unleashing of the strain.3-4 
Owing to the three σ–bonds (two proximal and one distal bonds) in MCPs prone to be cleaved, 
combined with C=C bond trending to addition, the chemistry of MCPs have been explored 
extensively.5 Both transition metal catalysts and Lewis or Bronsted acid can be used as catalyst or 






             
   Reactive bonds in MCPs 
The addition of boron-boron bond to unsaturated hydrocarbons is an attractive and straightforward 
method to directly introduce two boryl groups into organic molecules. Diboration of MCPs with 
bis(pinacolato)diboron has also been reported by Prof. Miyaura et al.7 (eq 1) In which, platinum as the 
catalyst, bis(pinacolato)diboron can selectively add to MCPs affording to the corresponding 






   Nanoporous gold (AuNPore) posseses interesting features, and has been employed as a catalyst in 
various reactions.8 Recently, AuNPore-catalyzed diboration of alkynes has been reported.9 In the 
continuation of our interest in exploring the catalytic property of AuNPore, herein, we firstly reported 




























2. Results and discussion 
 
The AuNPore catalyst was prepared by dealloying of a monolithic Au30Ag70 alloy in 70 % nitric 
acid as an electrolyte at rt for 18 h.10 However, it should be noted that the amount of concentrated nitric 
acid here was higher than reported method. For example, in this dealloying method, 30 mg Au-Ag alloy 
was immersed in around 30 ml concentrated HNO3 to fabricate the AuNPore. EDX analysis showed 
that the component of AuNPore was Au99Ag1. The dealloyed thin film AuNPore possesses a 
bicontinuous porous structure with an average diameter of around 30 nm for both ligaments and 
nanopores, whose scanning electronic microscopy (SEM) and transmission electronic microscopy 
(TEM) images have been illustrated in the previous chapter 1. The cylindrical shape of ligament from 
high resolution TEM image reveals a very high density of atomic steps and kinks at curved surface, 
suggesting the presence of a high concentration of low-coordination surface atoms.11 
 Initially, we investigated the catalytic activity and selectivity of different catalysts for the diboration 
of (cyclopropylidenemethylene)dibenzene (1a) with bis(pinacolato)diboron at 100 oC with toluene as 
solvent. (Table 1) The gold nanoparticles supported on TiO2 with average size around 5 nm (Fig. S1) 
produced the corresponding diboration product 3a in 11% (entry 2). With the precursor alloy Au30Ag70 
as the catalyst, the reaction did not proceed at all (entry 3). It should be noted that the homogeneous 
catalyst AuCl did not exhibit any catalytic activity in the present reaction (entry 4). Other nanoporous 
metal catalysts such as nanoporous platinum (PtNPore), nanoporous copper (CuNPore), nanoporous 
palladium (PdNPore), and nanoporous silver (AgNPore) were totally inactive for the present diboration 
(entry 5-8). To our delight, the AuNPore exhibited a remarkable catalytic activity and selectivity in the 
diboration reaction affording the product 3a in 96 % 1HNMR yield with only the cleavage of distal C-C 














Table 1. Screening of catalysts for the diboration of 1a:a 
 
entry catalyst 3a, yield/%b 
1 AuNPore 96 
2         AuNPsc 11 
3 AuAg alloy 0 
4 AuCl 0 
5 PtNPore 0 
6 PdNPore 0 
7 AgNPore 0 
8 CuNPore 0 
a Reaction conditions:1a (1 mmol), 2a (0.5 mmol), catalyst (10 mol%), Toluene (0.5 mL), 100 oC, 16 h. 
b1H NMR yield determined using CH2Br2 as an internal standard. cAuNPs(Au nanoparticles) supported 
on TiO2, and average particle size was around 5 nm.  
 
Then, the effect of solvents on the present diboration was also tested (table 2). Surprisingly, among 
various solvents used, only toluene afforded the corresponding dibortion product in high yield, (entry 
1), and other solvents such as 1,4-dioxane (trace), THF (0 %), Octane (0 %), CH3CN (0 %), DMF 
















Table 2: Screening of solvents for the diboration of 1a:a 
 
Entry Solvent 3a, yield/%b 
1 Toluene 96 
2        1,4-dioxane trace 
3 THF 0 
4 Octane 0 
5 CH3CN 0 
6 DMF 0 
a Reaction conditions:1a (1 mmol), 2a (0.5 mmol), AuNPore (10 mol%), solvent (0.5 mL), 100 oC, 16 h. 
b1H NMR yield determined using CH2Br2 as an internal standard. 
 
   To confirm whether the AuNPore catalyst leached to the reaction mixture or not, we carried out the 
leaching test experiment (Scheme 1.) 1a was treated 2a in the presence of AuNPore catalyst in toluene 
at 100 oC. After 30 min, the part of supernatant was transferred to the other reaction vessel and 3a was 
produced in 54 % yield at this point. The supernatant without the catalyst was continuously heated at 
100 oC for 12 h, affording the 3a in 54 %. In contrast, the residual containing the AuNPore catalyst was 
completed in 10 h, giving the product 3a in 91 %. This result indicated that the reaction was procceded 
at the solid state of the AuNPore.  
 
Scheme 1. Leaching test of the AuNPore in the present reaction 
 
The AuNPore catalyst also exhibited the reusability (Scheme 2). After reused 3 times, the yield of 





 Scheme 2. Reusability of the AuNPore in the present diboration of 1a 
   The catalytic property of AuNPore was further examined by the reaction with various 
methylenecyclopropanes (MCPs) using B2pin2 as diboron source in toluene as shown in Table 3. The 
mono-substituted group and di-substituted group of MCPs were compatible with the present 
heterogeneous catalytic systems, giving the desired diboration product in good to high yield with only 
the cleavage of distal C-C bond of MCPs. For the di-substituted group of MCPs, both the 
electron-donating group (1b) and electron-withdrawing group (1c-1d) can afford to corresponding 
products 3b-3d in high yield. The mono-substituted group of MCPs, such as phenyl substitute (1e) and 
aliphatic substitute (1f), also can undergo diboration efficiently with good yield. Notably, without the 
























a Reaction conditions:1 (1 mmol), 2a (0.5 mmol), AuNPore (10 mol%), toluene (0.5 mL), 100 oC. The 
yield of 3 was isolated yield. Reacted time was shown in parentheses. 
 
    On the basis of the experimental observations, a conceivable reaction pathway is shown in 
Scheme 3. Initially, B2pin2 gets absorbed onto the low coordinated Au atoms on the stepped surface of 
AuNPore. The B-B bond is cleaved on the surface of AuNPore to give [Au-Bpin] species under the 
reaction conditions. Next, the adsorbed MCPs reacted rapidly with two [Au-Bpin] species either 
through the simultaneous addition path to form the corresponding adduct 3 (path a), or through the 
stepwise addition (path b), in which the formation of a cationic intermediate is involved. The cationic 
intermediate possessed the resonace formation which was shown in the mode A and mode B. There 






























In summary, we have demonstrated for the first time an unprecedented catalytic property of the 
AuNPore on activation of diborons that promotes the direct diboration of methylenecyclopropanes 
efficiently. The AuNPore catalyst exhibits the regiospecific catalytic property in the present reaction, 
which cleaves the distal C-C bond in the MCPs selectivities. The reaction was proceeded on the solid 
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5. Experimental Section 
 
General Information. GC-MS analysis was performed on an Agilent 6890N GC interfaced to an 
Agilent 5973 mass-selective detector (30 m  0.25 mm capillary column, HP-5MS).  Scanning 
electron microscope (SEM) observation was carried out using a JEOL JSM-6500F instrument operated 
at an accelerating voltage of 30 kV. TEM characterization was performed using a JEM-2100F TEM 
(JEOL, 200 kV) equipped with double spherical aberration (Cs) correctors for both the probe-forming 
and image-forming lenses. 1H NMR and 13C NMR spectra were recorded on JEOL JNM AL 400 (400, 
700 MHz) spectrometers. 11B NMR spectra were recorded on JEOL JNM AL 700 (225 MHz) 
spectrometers. 1H NMR spectra are reported as follows: chemical shift in ppm (δ) relative to the 
chemical shift of CDCl3 at 7.26 ppm, integration, multiplicities (s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet and br = broadened), and coupling constants (Hz). 13C NMR spectra were 
recorded on JEOL JNM AL 400 (100.5 MHz) spectrometers with complete proton decoupling, and 
chemical shift reported in ppm (δ) relative to the central line of triplet for CDCl3 at 77 ppm. 
High-resolution mass spectra were obtained on a BRUKER APEXIII spectrometer and JEOL JMS-700 
MStation operator. Column chromatography was carried out employing Merck silica (spherical, neutral, 
MercK Chemical Co.) and the florisil (particle size 150 -250 μm, Kanto Chemical Co.). Analytical 
thin-layer chromatography (TLC) was performed on 0.2 mm precoated plate Kieselgel 60 F254 
(Merck). 
 
Materials. The bis(pinacolato)diboron is commercially available (Wako), which was used as received. 
Au (99.99%) and Ag(99.99%) are purchased from Tanaka KikinzokuHanbai K.K. and Mitsuwa’s Pure 
Chemical, respectively. Methylenecyclopropanes were prepared following the reported literature.1 
Products 3a, 3b, 3c, 3d, 3e, 3f and 3g were determined by 1H NMR, 13C NMR, 11B NMR and HRMS. 
 
Reference: 
















Fig S1. TEM image of AuNPs/TiO2 
 
Representative procedure for AuNPore-catalyzed diboration of 1a (Table 1,entry 1): 
 
To a toluene solution (1 M, 0.5 ml) of AuNPore (10 mol%, 10 mg) were added 2a (128 mg, 0.5 mmol) 
and 1a (206 mg, 1.0 mmol) subsequently at room temperature. The reaction mixture was stirred at 100 
oC for 16 h and was monitored by GC-MS analysis. The AuNPore catalyst was recovered by filtration. 
The recovered AuNPore catalyst was washed with acetone and water then acetone, and dried under 
vacuum. After concentration of the filtrate, firstly the mixture was purified by Kugelrohr distillation, 



















The toluene solution of 1a and 2a in the presence of AuNPore catalyst (10 mol%) was stirred at 100 oC 
for 30 min. At this time the yield of 3a was 54% which determined by 1H NMR using anisole as an 
internal standard. A part of the supernatant was transferred to the other reaction vessel. The supernatant 
without AuNPore catalyst was continuously heated at 100 oC for 12 h, affording 3a in 54% 1H NMR 
yield. In contrast, the residual containing the AuNPore catalyst gave 3a in 91% 1H NMR yield after 


























       (3a) 
 
White solid;1H NMR (400 MHz, CDCl3) δ7.34-7.22 (m, 7H), 7.21-7.13 (m, 3H), 1.90 (s, 4H), 1.31 (s, 
24H); 13C NMR (100 MHz, CDCl3) δ 143.7, 134.9, 133.0, 129.9, 127.5, 125.6, 83.1, 24.8; 11B NMR 






White solid;1H NMR (400 MHz, CDCl3) δ7.26-7.17 (m, 4H), 7.16-7.00 (m, 5H), 2.30 (s, 3H), 1.86 (s, 
2H), 1.84 (s, 2H), 1.27 (s, 12H), 1.26 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 143.9, 140.8, 135.0, 
134.8, 132.7, 129.9, 129.8, 128.3, 127.5, 125.5, 83.0, 24.8, 21.1; 11B NMR (225 MHz, CDCl3) δ33.5; 













      (3c) 
 
White solid;1H NMR (400 MHz, CDCl3) δ7.45-7.08 (m, 9H), 1.88 (s, 4H), 1.31 (s, 24H); 13C NMR 
(100 MHz, CDCl3) δ 143.3, 142.1, 133.9, 133.7, 131.4, 131.3, 129.9, 127.7(6), 127.7(1), 125.9, 83.2, 
83.1, 24.8; 11B NMR (225 MHz, CDCl3)δ33.4; HRMS (ESI positive) calcd for C28H37B2O4Cl [M + 








         (3d) 
 
Light yellow solid;1H NMR (400 MHz, CDCl3) δ7.21-7.07 (m, 4H), 6.99-6.80 (m, 4H), 1.81 (s, 4H), 
1.26 (s, 24H); 13C NMR (100 MHz, CDCl3) δ 161.0 (d, J1 = 243.4 Hz), 139.4 (d, J4 = 3.3 Hz), 133.9, 
132.8, 131.3 (d, J3 = 7.5 Hz), 114.5 (d, J2 = 20.7 Hz), 83.2, 24.8; 11B NMR (225 MHz, CDCl3)δ33.5; 












        (3e) 
 
Colorless liquid;1H NMR (400 MHz, CDCl3) δ7.31-7.22 (m, 4H), 7.18-7.08 (m, 1H), 6.27 (s, 1H), 2.01 
(s, 2H), 1.94 (s, 2H), 1.25 (s, 12H), 1.23 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 139.0, 136.9, 128.5, 
127.7, 125.2, 123.7, 83.2, 83.1, 24.7(9), 24.7(8); 11B NMR (225 MHz, CDCl3)δ33.0; HRMS (ESI 






        (3f) 
 
Colorless liquid;1H NMR (400 MHz, CDCl3) δ 5.09 (t,J = 6.8 Hz,1H), 1.98-1.88 (m, 2H), 1.73 (s, 2H), 
1.72 (s, 2H), 1.33-1.24 (m, 10H), 1.22(9) (s, 12H), 1.22(6) (s, 12H), 0.86 (t,J = 7.2 Hz,3H); 13C NMR 
(100 MHz, CDCl3) δ 131.9, 123.7, 82.9(7), 82.9(4), 38.0, 31.9, 29.9, 29.3, 28.5, 24.7(9), 24.7(8), 22.7, 
14.1; 11B NMR (225 MHz, CDCl3)δ33.0; HRMS (ESI positive) calcd for C23H44B2O4 [M + Na]+: 































































Synergistic Effect of Nanoporous AuPd Alloy Catalyst on Highly Chemoselective 
1,4-Hydrosilylation of Conjugated Cyclic Enones 
 
1. Introduction 
   Heterogeneous catalysis is widely used in chemical industrial processes and environment protection 
that overcomes the problems of homogeneous catalysis and therefore considerable efforts have been 
made to develop new nanostructured metals as powerful green catalysts.1 Particularly, among the 
nanoparticle catalysts, the bimetallic alloy catalysts exhibit the enhanced stability, activity, and 
selectivity in various chemical reactions compared with the monometallic counterparts,2 that are mainly 
attributed in terms of ensemble and ligand effects.2b Although much progress has been made for 
synthesis of such nanoparticulate catalysts, it is still difficult to control their composition, particle size, 
and geometry simultaneously to attain optimal catalytic performances.2 
   Recently, we and other groups demonstrated that nanoporous metals having a 3D nanopore 
structure were promising and green heterogeneous catalysts in various chemical/electrochemical 
reactions in terms of high catalytic activities, selectivities, and recyclability.3-7 Importantly, the 
nanoporous alloys display enhanced electro catalytic performances and stability in electrochemical 
reactions compared with the monometallic nanoporous metals owing to the alloy effect.8 The selective 
etching a less noble element from the suitable precursor alloys possessing a homogeneous single phase 
is one of the most efficient routes to fabricate those nanoporous metals and alloys with uniform 
nanoporous structures.9 However, so far the nanoporous alloy catalysts have never been demonstrated 
to show such alloy effect towardthe selective organic transformations. Here, we report a superior 
chemoselectivity and high catalytic activity of the nanoporous AuPd alloy (AuPdNPore) for the direct 
1,4-hydrosilylation of conjugated cyclic enones with hydrosilane, that cannot be achieved by using 
monometallic nanoporous Au(AuNPore) and Pd (PdNPore) catalysts. The 1,4-hydrosilylation of 
conjugated cyclic enones is one of the direct methods for preparing the synthetically useful 
intermediates of silylenol ethers.10 Although a number of stoichiometric and homogeneous catalytic 
methodologies have been reported,11 the catalytic protocol using a reusable heterogeneous catalyst has 







2. Results and discussion 
   In this study, the AuPdNPore-1 alloy catalyst was fabricated by the selective etching of Al from the 
Au20Pd10Al70 (at %) ternary alloy, which was prepared by a high-frequency induction furnace, using 
NaOH (20%) as electrolyte at room temperature for 36 h. The scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) of the as-dealloyed AuPdNPore-1 (Fig 1) showed a 
bicontinuous nanopore structure and the curved metallic ligaments with an average size of ~8 nm. The 
composition of AuPdNPore-1 was Au58Pd27Al15 (at %) determined by an energy disperse X-ray (EDX) 
analysis. For comparison, the AuPdNPore-2 (Au75Pd16Al9) and AuPdNPore-3 (Au35Pd47Al17) were 
fabricated under the same dealloying method from the corresponding ternary alloys of Au25Pd5Al70 and 
Au10Pd20Al70, respectively (Fig S1 for TEM images). The monometallic nanoporousPd (PdNPore) and 
Au (AuNPore) were fabricated following our reported methods.3  
                
Fig 1. (a) SEM and (b) TEM image of AuPdNPore-1 catalyst 
    Initially, we investigated the catalytic activity and selectivity of nanoporous metals and alloys for 
the 1,4-hydrosilylation of 2-cyclohexene-1-one (1a) with triethylsilane at 100 oC (Table 1). The 
PdNPore-1 prepared from a PdAl alloy and the PdNPore-2 prepared from a PdNiP metallic glass 
produced the corresponding 1,4-adduct 2a in 14% and 75% yields, respectively, along with the 
by-product of phenoxysilane (4a) in comparable yields (entries 1 and 2). The use of AuNPore-1 and 
AuNPore-2 catalysts, which were prepared from a AuAl alloy and a AuAg alloy, respectively, 
completely suppressed the formation of 4a, while the 1,2-adduct 3a was obtained as a by-product 
together with the desired 1,4-adduct 2a (entries 3 and 4). Interestingly, unlike those monometallic 
nanoporous catalysts, the AuPdNPore-1 alloy catalyst exhibited a high catalytic activity and 
chemoselectivity for the 1,4-hydrosilylation, affording the 1,4-adduct 2a in 92% 1H NMR yield and 
only a small amount of 4a (4%) was obtained without producing the 1,2-adduct 3a (entry 5). It should 
be noted that the combined catalysts of AuNPore-1 and PdNPore-1 afforded a mixture of 2a, 3a, and 4a 
(entry 6), implying the remarkable alloy effect of the AuPdNPore-1 catalyst on the selective formation 
of 2a. It was noted that the reaction did not proceed with the precursor alloy Au20Pd10Al70 as catalyst or 




influences the catalytic properties. For example, although the AuPdNPore-2 catalyst containing a 
higher amount of Au atom than Pd atom gave a comparable catalytic performance with AuPdNPore-1, 
the AuPdNPore-3 catalyst having a lower amount of Au atom than Pd atom dramatically decreased the 
catalytic activity and selectivity (entries 9 and 10). 


























































 aReaction conditions: 1a (2.0 mmol), HSiEt3 (2.0 mmol), and nanoporous catalyst (2.5 mol%) at 100 
oC without solvents. b1H NMR yields determined using CH2Br2 as an internal standard. c The yields of 
second (10 h) and third (24 h) uses. 
 
   The nanoporous skeleton catalyst can be readily recoverable by a simple filtration of the skeleton 
catalyst from the reaction mixture without cumbersome work-up procedures. The recovered 
AuPdNPore-1 catalyst was further reused for 2 times without a significant decrease of yield and 
selectivity of 2a (entry 5). In addition, the inductively coupled plasma (ICP-MS) analysis showed that 
no detectable Au and Pd atoms were observed from the reaction solution at ppb level. These results 
together with the leaching experiments (Scheme S1 in ESI) indicate that no Au and Pd catalysts were 
leached to the reaction solution and the present hydrosilylation was catalysed by the solid state of 
AuPdNPore catalysts. 
    The surface chemistry of AuPdNPore-1 alloy was investigated using STEM-energy disperse X-ray 
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) to understand the alloy effect on 
chemoselectivity. The STEM-EDS mapping of AuPdNPore-1 did not show the detectable surface 
segregation of Pd, Au, and Al atoms, indicating the uniformly distributed those atoms in the ligaments 




3d5/2 for AuPdNPore-1 is 336.2 eV, which is more positively shifted than that of PdNPore-1 (336 eV) 
(Fig 2a). Meanwhile, the binding energy of Au 4f7/2 for AuPdNPore-1 is 83.9, which is visibly lower 
than that of AuNPore-1 (84.0 eV) (Fig 2b). With regard to the changings of binding energy, the 
negative shift of Au atom and the positive shift of Pd atom in AuPdNPore-1 indicate that the charge is 
transferred from Pd to Au due to the higher electronegativity of Au. According to the catalyst 
characterization and catalytic properties of AuPdNPore-1, we assumed that the more negative hydride 
in organosilane preferred to chemisorb on the electron poor Pd atom compared with the PdNPore 
catalyst and the more positive Si in organosilane chemisorbed on the electron rich Au atom, that 
eliminated the possibility of the adsorption of hydride on Au atom, resulting in suppression of the 
formation of the 1,2-adduct 3a. Moreover, we found that both PdNPore-1 and AuPdNPore-1 were able 
to catalyse the disproportionation reaction of 1a to give a mixture of phenol and cyclohexanone 
products in the absence of organosilane (Scheme S2 in ESI). In sharp contrast, the high 
chemoselectivity was achieved for the 1,4-hydrosilylation of 1a with AuPdNPore-1 catalyst in the 
presence of organosilane (Table 1, entry 5). These results strongly support the preferred chemisorption 
of hydride on Pd atom in AuPdNPore-1 that sufficiently diminished the formation of the by-product 4a. 
 
Fig 2. XPS characterizationof AuPdNPore-1 vs PdNPore-1(a) and AuPdNPore-1 vs 
AuNPore-1 (b) 
   On the basis of the catalyst characterization and properties, the proposed mechanism is shown in 
Scheme 1. The dissociation of HSiEt3 on the uniformly distributed AuPdNPore-1 catalyst was 
promoted by the chemisorption of hydride on Pd atom and Si on Au atom. The high affinity of Si to 
carbonyl oxygen of 1a induced the selective addition of hydride to the β-position of 1a, affording the 







           Scheme 1. Proposed mechanism for the selective 1,4-hydrosilylation of 1a 
 
   The catalytic property of AuPdNPore-1 was further examined by the reaction with various 
conjugated cyclic enones (Table 2). The monomethyl- and dimethyl-substituted cyclohexen-2-ones 
were compatible with the present heterogeneous catalytic systems, giving the desired silyl ethers in 
high yields, while both 3-methyl- and 5-methylcyclohex-2-enone produced a mixture of regioisomers 
2b and 2c. The 1,2-addition by-products 3 have never been observed and only a less than 4% of the 
phenol silyl ethers 4 were observed in the case of 2a-d. The cyclopenten-2-ones and cyclohepten-2-one 
also carried out the selective 1,4-hydrosilylation sufficiently, affording the corresponding silyl ethers in 
good to high yields. 
 




a Reaction conditions: conjugated cyclic enones1 (2.0 mmol), HSiEt3 (2.0 mmol), and 
AuPdNPore-1 (2.5 mol%) at 100 oC without solvents.b Isolated yields of products 
2.c3-Methylcyclohex-2-enone was used as a starting substance. d5-Methylcyclohex-2-enone was used 









3.  Conclusion 
 
   In conclusion, we have demonstrated for the first time that the uniformly distributed 
nanoporousAuPd alloy catalysts showed a remarkable synergistic effect for the heterogeneous 
1,4-hydrosilylation of conjugated cyclic enones with organosilane in comparison with nanoporous 
monometallic catalysts. The catalyst performances and characterization disclose that the alloy effect of 
AuPdNPore plays a crucial role toward the reaction efficiency and product selectivity. Further 
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5.  Experimental Section 
 
General Information. Scanning electron microscope (SEM) observation was carried out using a JEOL 
JSM-6500F instrument operated at an accelerating voltage of 30 kV. TEM characterization was 
performed using a JEM-2100F TEM (JEOL, 200 kV) equipped with double spherical aberration (Cs) 
correctors for both the probe-forming and image-forming lenses. The XPS measurements were carried 
out using a VG ESCALAB 250 spectrometer (Thermo Fisher Scientific K.K.) employing 
monochromatic Al K X-ray radiation. The base pressure of the analysis chamber was less than 10-8 Pa. 
1H NMR and 13C NMR spectra were recorded on JEOL JNM AL 400 (400 MHz) spectrometers. 1H 
NMR spectra are reported as follows: chemical shift in ppm (δ) relative to the chemical shift of CDCl3 
at 7.26 ppm, integration, multiplicities (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet 
and br = broadened), and coupling constants (Hz). 13C NMR spectra were recorded on JEOL JNM AL 
400 (100.5 MHz) spectrometers with complete proton decoupling, and chemical shift reported in ppm 
(δ) relative to the central line of triplet for CDCl3 at 77 ppm. High-resolution mass spectra were 
obtained on a BRUKER APEXIII spectrometer and JEOL JMS-700 MStation operator. Column 
chromatography was carried out employing silica gel 60 N (neutral, 40~63μm, MerckKGaA 
Co.).Analytical thin-layer chromatography (TLC) was performed on 0.2 mm precoated plate Kieselgel 
60 F254 (Merck). 
 
Materials. Au (99.99%) and Pd (99.99%) are purchased from Tanaka KikinzokuHanbai K.K. and Al 
(99.99%) is purchased from Mitsuwa’s Pure Chemicals, respectively. HSiEt3 and conjugated cyclic 
enonesare commercially available, which are used as received.5-Methyl-2-cyclohexene-1-one was 
synthesized according to the literature.1Structures of the known products2a2, 2b2, 2f3were identified by 
1H, 13C NMR and HRMS comparing with the reported authentic compounds. The new products were 
confirmed by 1H, 13C NMR and HRMS. 
 
References: 
1: L, G.Watson, A, K.Yudin, J. Am. Chem. Soc., 2005, 127, 17516.  
2: J.Koller, R, G.Bergman, Organometallic, 2012, 31, 2530.  







Fabrication of the nanoporousAuPd (AuPdNPore) alloy catalysts: 
Au (99.99%),Pd (99.99%) and Al (99.99%) were melted with electric arc-melting furnace under an 
Argon atmosphere to form AuPdAl alloy. A single roller melt-spinning apparatus was used to prepare 
the ribbon of AuPdAl alloys with20-50 μm in thickness and 2-5 mm in width. The resulting alloys were 
treated with20 wt. % NaOH solution for 36 h at room temperatureto give the AuPdNPore catalysts. The 
resulting material was washed with pure water and acetone followed by drying under reduced pressure, 
which was used as catalyst for 1,4-hydrosilylation. 
 
Representative procedure of 1,4-hydrosilylation of conjugated cyclic enones using AuPdNPore-1 
as a catalyst(Tables 1, entry 5). 
   
To a mixture of 1a (200 μl, 2 mmol) and HSiEt3 (320 μl, 2.00mmol) was added to 
AuPdNPore-1catalyst (2.5 mol%, 7.5 mg) at room temperature. The reaction mixture was stirred at 
100oC for 4 h and monitored by TLC. After reaction, the AuPdNPore-1 catalyst was recovered by 
filtration and washed with diethyl ether. The recovered AuPdNPore catalyst was washed with acetone, 
diethyl ether, and acetone, subsequently. The catalyst was dried under vacuum for reuse. After 
concentration, the residue was purified with a Merck silica gel chromatography which was pretreated 
with a mixture of hexane and Et3N (100:1) to afford 2a (365 mg, 86%). 
 
High resolution TEM (HRTEM) of AuPdNPore-2 and AuPdNPore-3 
 






STEM-EDS mapping of AuPdNPore-1 
 
Fig S2. STEM-EDS mapping of as-prepared AuPdNPore-1. 
 
 
XPS of AuPdNPore (Pd-XPS)(Au-XPS) 
 








Leaching experiments of AuPdNPore-1 
 
Scheme S1. Leaching experiments of AuPdNPore-1. 
2-Cyclohexen-1-one 1a was treated with HSiEt3 in the presence of AuPdNPore-1 catalyst (2.5 mol %) 
under neat condition at 100 oC. After 0.5 h, a part of supernatant was transferred to the other reaction 
vessel and 2a was produced in 29 % 1H NMR yield at this time. The supernatant was continuously 
heated at 100 oC in the absence of catalyst for 6 h, affording 2a in 29 % 1H NMR yield. In contrast, the 
residual containing the AuPdNPore-1 catalyst was completed in 6 h, giving 2a in 91 % 1H NMR yield. 
 
Disproportionation reaction without using organosilane 
 
Scheme S2. Disproportionation reactions of 2-cyclohexen-1-one 1a in the presence of PdNPore-1  























Colorless liquid; 1H NMR (400 MHz, CDCl3) δ 4.91-4.83 (m, 1H), 2.09-1.93 (m, 4H), 1.71-1.61 (m, 
2H), 1.55-1.46 (m, 2H), 0.98 (t, J = 8 Hz, 9H), 0.66 (q, J = 8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 
150.3, 103.9, 29.9, 23.9, 23.2, 22.4, 6.8, 5.1; HRMS (ESI positive) calcd for C12H24OSi [M+H]+: 
213.1669, found: 213.1668. 
 





Light yellow liquid; 1H NMR (400 MHz, CDCl3) δ 4.85 (bs, 1H, 2e), 4.74 (bs, 1H, 2d), 2.30-2.15 (m, 
1H, 2d), 2.10-1.89 (m, 5H, 2d+2e); 1.83-1.48 (m, 8H, 2d+2e), 1.01-0.87 (m, 24H, 2d+2e), 0.73-0.57 
(m, 12H, 2d+2e);13C NMR (100 MHz, CDCl3) δ 150.0, 149.8, 110.6, 103.2, 38.3, 31.2, 30.5, 29.7, 29.5, 
29.4, 23.4, 22.5, 21.8, 21.6, 6.7, 5.14, 5.13; HRMS (ESI positive) calcd for C13H26OSi [M+H]+: 















Cis-isomer: colorless liquid; 1H NMR (600 MHz, CDCl3) δ 4.70 (bs, 1H), 2.27-2.24 (m, 1H), 1.99-1.96 
(m, 1H), 1.74-1.70 (m, 1H), 1.69-1.64 (m, 2H), 1.00-0.92 (m, 15H), 0.74-0.61 (m, 7H); 13C NMR (176 
MHz, CDCl3) δ 149.7, 110.4, 40.8, 38.4, 30.3, 29.7, 22.7, 22.1, 6.8, 5.1; HRMS (ESI positive) calcd for 





Light yellow liquid; 1H NMR (400 MHz, CDCl3) δ 4.86-4.71 (bs, 1H), 2.12-1.94 (m, 2H), 1.89-1.73 (m, 
2H), 1.49-1.35 (m, 2H), 0.98 (t, J = 8 Hz, 9H), 0.92 (s, 6H), 0.66 (q, J = 8 Hz, 6H); 13C NMR (100 
MHz, CDCl3) δ 149.1, 102.6, 37.9, 36.0, 28.6, 28.0, 27.5, 6.7, 5.1; HRMS (ESI positive) calcd for 



















Colorless liquid; 1H NMR (400 MHz, CDCl3) δ 4.62 (bs, 1H), 2.26 (t, J = 7.2 Hz, 4H), 1.94-1.77 (m, 
2H), 0.98 (t, J = 8 Hz, 9H), 0.68 (q, J = 8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 155.1, 101.8, 33.5, 






Light yellow liquid; 1H NMR (400 MHz, CDCl3) δ 2.37-2.27 (m, 2H), 2.23-2.09 (m, 2H), 1.83-1.74 (m, 
2H), 1.60-1.48 (m, 3H), 0.98 (t, J = 8 Hz, 9H), 0.65 (q, J = 8 Hz, 6H) ; 13C NMR (100 MHz, CDCl3) δ 
146.7, 112.8, 34.0, 33.8, 20.0, 12.1, 7.0, 5.7; HRMS (ESI positive) calcd for C12H24OSi [M+Na]+: 





Colorless liquid; 1H NMR (400 MHz, CDCl3) δ 5.01 (dd, J = 6.4, 6.4 Hz, 1H), 2.27-2.21 (m, 2H), 
2.01-1.95 (m, 2H), 1.71-1.65 (m, 2H), 1.61-1.48 (m, 4H), 0.97 (t, J = 7.6 Hz, 9H), 0.65 (q, J = 7.6, 6H); 
13C NMR (100 MHz, CDCl3) δ 156.0, 107.9, 35.5, 31.5, 27.8, 25.4, 25.2, 6.8, 5.0; HRMS (ESI positive) 
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